Abstract-Monitoring studies show that urban surface streams in the United States are commonly contaminated with pesticides, and contamination by organophosphates and carbamates is of particular concern because of their aquatic toxicity. The degradation and sorption of four common organophosphate and carbamate insecticides were studied in urban creek sediments from southern California, USA. In sediment, malathion was quickly degraded under either aerobic or anaerobic conditions, with a half-life (t 1/2 ) Ͻ3 d. Diazinon and chlorpyrifos were moderately persistent under aerobic conditions (t 1/2 ϭ 14-24 d). However, persistence of chlorpyrifos increased significantly under anaerobic conditions, and t 1/2 was prolonged to 58 to 223 d. The greatest effect of redox potential was found with carbaryl. Although rapid dissipation occurred under aerobic conditions (t 1/2 ϭ 1.8-4.9 d), carbaryl became virtually nondegradable under anaerobic conditions (t 1/2 ϭ 125-746 d). The sorption coefficient consistently increased with time for all pesticides, and chlorpyrifos displayed greater sorption potential than the other pesticides. This study indicates that pesticides in sediment may become less available with time because of increased sorption, and pesticide persistence in sediment may vary greatly among compounds and with redox conditions. Under anaerobic conditions, long persistence may occur even for nonpersistent compounds.
INTRODUCTION
Organophosphate and carbamate insecticides have been widely used throughout the world since the use of organochlorine compounds was discontinued in the 1970s and 1980s in most regions. For instance, the annual use of organophosphate and carbamate insecticides has remained at Ͼ5 ϫ 10 6 kg in California, USA, over the last decade [1; www.cdpr. ca.gov/docs/pur/purmain.htm]. Many organophosphate and carbamate products are used both on agricultural crops and in urban environments. Urban use includes pest treatments in and around structures, and in home gardens and lawns. The widespread use of these insecticides has apparently contributed to contamination of urban streams [2] [3] [4] [5] [6] [7] . The U.S. Geological Survey monitoring studies showed that 99% of major urban streams in the United States were contaminated with at least one pesticide, and more than 70% of urban streams were contaminated with five or more pesticides [4] . Unlike streams receiving agricultural drainage, where the detected pesticides were mainly herbicides, insecticides including organophosphate and carbamate compounds often were predominant in urban streams [2] [3] [4] [5] . For instance, the insecticides diazinon, carbaryl, chlorpyrifos, and malathion frequently were detected in water samples from eight urban streams across the United States, and the levels of carbaryl and diazinon often exceeded the criteria for the protection of aquatic life in many of the urban streams [2] . Diazinon and chlorpyrifos levels in water samples were found to be generally (Ն80%) above the state criteria in urban streams in the northern California region [3] . In highly urbanized Orange County (CA, USA), sustained levels of diazinon and chlorpyrifos were detected in both base and storm flows in a number of urban streams, including San Diego Creek, which serves as the main drainage channel for Newport Bay [6, 7] . Organophosphate and carbamate insecticides generally have high acute and chronic toxicity to aquatic organisms. For instance, the 96-h median lethal concentration against Ceriodaphnia dubia is 0.4 g/L (ppb) for diazinon and 0.08 g/L for chlorpyrifos [8, 9] . Consequently, total maximum daily loads have been adopted for diazinon and chlorpyrifos in the San Diego Creek-Newport Bay watershed to alleviate the water-quality impairment [6] .
Two of the most important processes affecting the fate and water-quality impact of pesticides in surface water systems are degradation and sorption. Although these processes have been extensively studied for organophosphate and carbamate compounds in soils, relatively little is known about sediments. In surface water systems, redox potential in the sediment bed may vary greatly as a function of flow conditions, time, depth, or eutrophication conditions [10] . However, the effect of redox potential on the persistence of organophosphate and carbamate insecticides in sediment has not been adequately characterized.
The objectives of this study were to evaluate degradation kinetics of diazinon, chlorpyrifos, malathion, and carbaryl in urban stream sediments under aerobic and anaerobic conditions, and to understand the time dependence of pesticide sorption to sediment. These compounds represent some of the most frequently detected insecticides in urban streams [2] [3] [4] [5] [6] [7] . Information from this study may have multiple uses, such as estimation of pesticide residence time, prediction of downstream transport and distribution, and evaluation of concentration responses to mitigation practices (e.g., reduced pesticide use).
MATERIALS AND METHODS

Chemicals
Standards of carbaryl (99.0% purity), diazinon (98.3% purity), malathion (98.6% purity), and chlorpyrifos (99.5% pu-rity) were purchased from Chem Service (West Chester, PA, USA). MethElute used in derivatization of carbaryl was purchased from Pierce (Rockford, IL, USA). Solvents and other chemicals were all high-pressure liquid chromatography or analytical grade.
Sediments
Sediment samples were collected from San Diego Creek in Orange County at a site across from the University of California-Irvine campus, and from Bonita Creek in Orange County at a site in the Upper Newport Bay. Sediment samples were drained of free water, and used without air-drying to preserve the original microbial activity. The moisture content ranged from 60 to 90% in the drained sediments. The San Diego Creek sediment contained 1.80% organic matter, 76% sand, 15% silt, and 9% clay. The Bonita Creek sediment contained 1.25% organic matter, 46% sand, 32% silt, and 22% clay. The pH was measured to be 7.1 for the San Diego Creek sediment, and 7.8 for the Bonita Creek sediment. The Bonita Creek sediment was from salt water, whereas the San Diego Creek sediment was from freshwater.
Degradation experiments
Ten-gram aliquots (dry wt equivalent) of the drained San Diego Creek or Bonita Creek sediment were weighed into 20-ml glass vials and 5.0 ml of deionized water was added into each vial to immerse the sediment. The sediment samples were then incubated under aerobic and anaerobic conditions as described below. For the aerobic degradation experiment, each sediment sample was spiked with 10 l of acetone solution containing 100 g of diazinon, chlorpyrifos, malathion, or carbaryl. The initial pesticide concentration was thus 10 mg/ kg. The treated vials were loosely covered with aluminum foil and kept at room temperature (21 Ϯ 2ЊC). Triplicate vials were removed 0, 3, 7, 14, 28, 56, and 112 d after treatment, and the samples were stored in a freezer at Ϫ22ЊC until analysis. The sample vials were checked for water level on a weekly basis, and deionized water was added to compensate for water loss when necessary. For the anaerobic degradation experiment, sample vials were transferred into a gas-tight plastic inflatable glove chamber (Cole Parmer, Vernon Hills, IL, USA) inflated with N 2 , and incubated at ambient temperature (21 Ϯ 2ЊC) for 7 d to induce reduced conditions in the sediment. The sample vials were then sealed with aluminum caps and Teflon-lined butyl rubber septa while still remaining inside the plastic-film chamber. The vials were removed from the chamber, and spiked with 10 l of acetone solution containing 100 g of each pesticide with a microsyringe. The treated sample vials were returned into the N 2 -filled plastic chamber, and incubated at room temperature. The anaerobic conditions inside the plastic chamber were maintained by adding N 2 into the bag when noticeable deflation occurred. Triplicate sample vials were removed from each treatment 0, 3, 7, 14, 28, 56, and 112 d after pesticide addition, and stored in a freezer (Ϫ22ЊC) until analysis.
For extraction, the sample vial was cracked and the frozen sediment sample was quantitatively transferred to a 50-ml Teflon centrifuge tube. The vial was rinsed with 20 ml of acetone: methylene chloride (1:1, v/v) to remove any residues remaining on the glass, and the rinse solution was transferred to the centrifuge tube. The sediment-solvent mixture was mixed on a mechanical shaker at high speed for 1 h, followed by centrifugation at 1,350 g for 20 min. After the supernatant was collected, the remaining sediment phase was extracted two more times with fresh solvents. The solvent phases were combined and dehydrated with 50 g of anhydrous sodium sulfate. The extract was further evaporated in a vacuumed rotary evaporator to near dryness at 38ЊC, and pesticide residues were recovered in 5.0 ml of acetone:methylene chloride (1:1, v/v) for analysis by gas chromatography-mass spectrometry (GC-MS). The thermally labile nature of carbaryl required an additional step for its analysis [11; http://www.thermofinnigan. com]. A 0.9-ml aliquot of the final extract was mixed with 0.1 ml of MethElute:methanol (1:1, v/v), and an aliquot was injected into the gas chromatograph-mass spectrometer for quantification of the carbaryl derivative. Pesticide concentrations and incubation time were fitted to a first-order decay model to estimate the rate constants (d Ϫ1 ) and half-lives (
Sorption experiments
Sediment samples (10 g, dry wt equivalent) were immersed with water in 50-ml Teflon centrifuge tubes, and spiked with each of the four insecticides at 10 mg/kg. The sample tubes were covered with aluminum foil and incubated at room temperature. On days 0, 1, 2, 6, 28, and 56 after the treatment, triplicate samples were removed, and the sample was mixed with 20 ml of 0.01 M CaCl 2 at low speed on a mechanical shaker for 4 h. The sediment slurry was then centrifuged at 1,300 g for 20 min. The separated aqueous phase was extracted by liquid-liquid partition with methylene chloride (20 ml) in a 150-ml separatory funnel three consecutive times, and the solvent extract was concentrated to 5.0 ml, from which an aliquot was used for analysis by GC-MS to obtain the aqueousphase concentration (mg/L). The remaining sediment phase was extracted with acetone:methylene chloride as described in the degradation experiments, and an aliquot of the final sample extract was analyzed by GC-MS. Samples from the aqueous and sediment phases also were derivatized by using the same method as given above for analysis of carbaryl. The sorbed concentration (mg/kg) was calculated from the measured aqueous and solid-phase concentrations. The sorption coefficient (K d [L/kg]) was calculated as the ratio of the sorbed concentration to the aqueous-phase concentration, from which the organic carbon-normalized coefficient (K OC ) was further estimated by dividing K d by the sediment organic carbon content.
Analysis
Pesticide analysis was carried out on an Agilent HP 6890 GC (Agilent, Wilmington, DE, USA) equipped with a splitsplitless inlet and a 7683 autosampler. Detection was conducted by using an Agilent 5973 mass selective detector in the electron-impact ionization mode. Separation was achieved by using an HP-5MS capillary column (30 m ϫ 0.25-mm inner diameter ϫ 0.25-m film thickness, Agilent, Wilmington, DE, USA) with a flow rate of 1.0 ml/min (helium). The inlet temperature was 250ЊC and the interface temperature was 280ЊC. The oven temperature was initially set at 80ЊC (1.0 min), ramped to 150ЊC at 20ЊC/min, then to 230ЊC at 6ЊC/min, and finally to 275ЊC at 30ЊC/min. Ion source and quadruple temperatures were kept at 230ЊC and 150ЊC, respectively. The mass spectra were obtained by selected ion monitoring at 70 eV. The characteristic ions used for selected ion monitoring were m/z 115 and 158 for the carbaryl derivative; m/z 93, 152, 179, 199, and 304 for diazinon; m/z 93, 125, 127, and 158 for malathion; and m/z 97, 125, 199, and 314 for chlorpyrifos. Under the above conditions, the retention times were 7.5, 12.3, 14.8, and 15.1 min for carbaryl derivative, diazinon, malathion, and chlorpyrifos, respectively. Method detection limits were between 0.01 and 0.04 mg/kg. Insecticide recoveries from water were 77 to 91% with relative standard deviations of 3.1 to 3.8%, and from sediments were 74 to 98% with relative standard deviations of 2.2 to 5.0%.
RESULTS AND DISCUSSION
Pesticide persistence in sediment
The decline of pesticide concentration over time was fitted to a first-order decay model to estimate the rate constant (d Ϫ1 ) and t 1/2 (d). The fit was generally good, as evident from the correlation coefficient, except for degradation of carbaryl and chlorpyrifos under anaerobic conditions (Tables 1 and 2 (Tables 1 and  2 ). The overall persistence for aerobic degradation followed the order chlorpyrifos Ͼ diazinon Ͼ carbaryl Ͼ malathion. Between the two sediments, persistence was consistently longer in Bonita Creek sediment than in San Diego Creek sediment (Tables 1 and 2 ). For instance, the t 1/2 of carbaryl was 1.8 d in San Diego Creek sediment, but was 4.9 d in Bonita Creek sediment. Similarly, the t 1/2 of diazinon increased from 14.4 d for San Diego Creek sediment to 21.1 d for Bonita Creek sediment. Organophosphate and carbamate compounds are known to undergo both biotic and abiotic transformations in soil and water, and abiotic degradation is caused by basecatalyzed hydrolysis [12] . However, the measured pH for Bonita Creek sediment (pH 7.8) was higher than that for San Diego Creek sediment (pH 7.1). Therefore, the difference in pesticide persistence between the two sediments likely was due to different microbial transformation rates, and the fact that Bonita Creek sediment was from a saltwater environment may have contributed to its slower pesticide degradation.
When compared with aerobic conditions, persistence of malathion and diazinon under anaerobic conditions remained essentially unchanged in Bonita Creek sediment (Table 2 and Fig. 2) . However, in the same sediment, degradation of chlorpyrifos decreased by 1.4-fold, whereas carbaryl became virtually nondegradable (t 1/2 ϭ 750 d, or approximate1y two years; Fig. 2B ). Anaerobic conditions induced significantly slower degradation for all pesticides in San Diego Creek sediment (Table 1 and Fig. 1B ). Compared to aerobic conditions, the t 1/2 increased by 1.9-and 1.2-fold for malathion and diazinon, respectively. However, the greatest inhibition in degradation occurred with chlorpyrifos and carbaryl, with t 1/2 prolonged by 10-fold to 223 d for chlorpyrifos, and by 68-fold to 125 d for carbaryl (Table 1) . Under anaerobic conditions, pesticide persistence followed the order chlorpyrifos Ͼ carbaryl Ͼ diazinon Ͼ malathion in San Diego Creek sediment (Table 1 ) and carbaryl Ͼ chlorpyrifos Ͼ diazinon Ͼ malathion in Bonita Creek sediment (Table 2) .
Of the four selected pesticides, malathion was relatively nonpersistent under either aerobic or anaerobic conditions. Rapid degradation of malathion in sediment also was observed by Cotham and Bidleman [13] , who reported a t 1/2 of 2 d in sediment suspension. The rapid degradation of malathion in soils was attributable to both microbial and chemical transformations [14] . This study suggests that oxygen is not essential in degradation of malathion in sediment. No data were found for diazinon degradation in sediment under either aerobic or anaerobic conditions. In this study, diazinon was found to be moderately persistent under both aerobic and anaerobic conditions. Although redox potential had no effect on diazinon degradation in Bonita Creek sediment, a significant effect (p Ͻ 0.05) was observed for San Diego Creek sediment. The selectivity of sediment suggests that San Diego Creek sediment contained chemical species or microbes that supported oxidation-reduction reactions of diazinon.
Chlorpyrifos was relatively persistent under aerobic conditions, and its persistence was further prolonged under an-Environ. Toxicol. Chem. 23, 2004 S. Bondarenko and J. Gan aerobic conditions. Again, a greater inhibitory effect by anaerobic conditions occurred in San Diego Creek sediment than in Bonita Creek sediment. Previous studies gave inconsistent results on the role of microorganisms in degradation of chlorpyrifos in sediments. Kale et al. [15] reported a minor role of microorganisms in degradation of chlorpyrifos in marine sediments under moist or flooded conditions, and suggested that hydrolytic reactions were the primary route for chlorpyrifos dissipation. In contrast, Schimmel et al. [16] concluded that no abiotic degradation occurred for chlorpyrifos in seawatersalt marsh sediment suspensions and biotic transformations were predominant. Under anaerobic conditions, the t 1/2 of chlorpyrifos was 39 to 51 d in loamy and clay soils, but 150 to 200 d in anaerobic pond sediments [17] . Our study suggests that chlorpyrifos is relatively resistant to degradation in sediment, and its persistence may be further prolonged under anaerobic conditions. The greatest effect of redox potential was observed with carbaryl. Although nonpersistent in aerobic sediments, carbaryl became highly persistent under anaerobic conditions in both sediments. The inhibitory effect of anaerobic conditions on carbaryl degradation also was observed in soils in previous studies. For instance, the t 1/2 of carbaryl was determined to be 14 d in an aerobic soil, but was 72 d in an anaerobic aquatic soil [18, 19] . The rapid dissipation of carbaryl under aerobic conditions was attributed to microbial transformations, and the involvement of microorganisms in carbaryl degradation also was evident from accelerated degradation after repeated applications [20] . This study further confirms that oxygen may be a major factor for carbaryl degradation in sediment, and prolonged carbaryl persistence may occur in deep sediment layers or in static systems where anaerobic conditions may be prevalent.
In most surface water bodies, mixing of water and sediment occurs constantly, which prohibits the continuous establishment of anaerobic or anoxic conditions. However, anoxic or reduced conditions do evolve under certain circumstances, such as in static systems where little or no wave action occurs, in deep sediment layers, and in salt marsh or wetlands [10] . Previous studies showed that anaerobic conditions may accelerate degradation of chlorinated pesticides such as DDT in sediments [21] . However, this study showed that the persistence of organophosphate and carbamate insecticides in sediment was either unaffected or prolonged by anaerobic conditions. From this study, malathion may be expected to be nonpersistent under either aerobic or anaerobic conditions, and therefore appearance of malathion in surface water systems may be transient and detectable only immediately after a major discharge (e.g., storm runoff) event. The presence of carbaryl also would be transient in most scenarios, but prolonged appearance may occur under strongly reduced conditions. Diazinon is moderately persistent under either aerobic or anaerobic conditions. However, the longest persistence may be found with chlorpyrifos, and the persistence can be further extended under anaerobic conditions. These observations are consistent with the findings in some monitoring studies. Compared to the other compounds, malathion has been detected in urban streams much less frequently [2, 6, 7] . Presence of malathion, even when detected, was not sustained [7] . In contrast, continuous presence of diazinon, chlorpyrifos, and sometimes carbaryl has been observed in some surface streams [2, 3] . The sustained contamination may be attributed to their widespread use, but also is likely caused by their relatively long persistence. The fact that organophosphate and carbamate insecticides are generally less persistent in aerobic sediments than in anaerobic sediments also implies that oxygenation practices that often are used for eutrophication control may also accelerate pesticide decomposition in certain surface water systems.
Pesticide sorption in sediment
Partition between water and sediment phases determines the distribution of a pesticide in a surface water system. In both San Diego Creek and Bonita Creek sediments, sorption of chlorpyrifos was significantly greater than that of the other three insecticides (Tables 3 and 4 ). For the same pesticide, sorption on San Diego Creek sediment was consistently greater than that on Bonita Creek sediment. The greater sorption on San Diego Creek sediment may be attributable to its relatively higher organic matter content, as previously observed for diazinon [22] . After incubation for 1 d, the estimated K OC was 310 to 420 for carbaryl, 1,320 to 1,430 for diazinon, 480 to 520 for malathion, and 2,900 to 17,000 for chlorpyrifos. These values were in good agreement with the reported K OC values, which were 300, 1,000, 1,800, and 6,070, respectively, for carbaryl, diazinon, malathion, and chlorpyrifos [23, 24] . Therefore, in a surface water system, the majority of carbaryl, diazinon, or malathion can be expected to be in the water column. Further speculation can be made that these pesticides will be transported predominantly via the water phase, and that toxicity will occur via exposure in the water column. In contrast, chlorpyrifos was preferentially partitioned into the sediment phase, and transport as attachment to suspended particles may play an important role in the runoff of chlorpyrifos to surface water bodies. The strong sorption of chlorpyrifos in sediment also suggests that mechanisms to remove suspended solids, such as vegetative buffers, may be effective in reducing chlorpyrifos loads in runoff [25] .
In the same sediment, sorption as measured by the partition coefficient K d consistently increased with increasing time (Tables 3 and 4). When compared to the time immediately after pesticide treatment, K d for each pesticide increased by many fold after 6 or 28 d of incubation. On day 28, the predominant fraction of pesticide always was found in the sediment phase. After 28 d of incubation, the estimated K OC for chlorpyrifos was as high as 3.0 ϫ 10 5 for San Diego Creek sediment, and 1.0 ϫ 10 5 for Bonita Creek sediment. These K OC values were substantially higher than the K OC values (6,070) derived from soils when using the batch equilibration method [23] . Similar trends also were found for the other three compounds, although the final K OC values for these compounds were generally much smaller than that for chlorpyrifos. In particular, because of its relatively rapid degradation and the increased sorption, malathion became nondetectable in the aqueous phase on day 28, which prevented calculation of K d .
Increased sorption as a function of contaminant residence time, or aging effect, has been reported for other pesticides in soil [26] [27] [28] . The suggestion was made that diffusion of pesticides to less accessible sorption sites, degradation of readily available chemical in the aqueous and sorbed phases, and desorption-limited degradation might contribute to the increase of K d with time [27, 28] . These assumptions suggest that as K d increases, the pesticide will become less bioavailable. However, so far an aging effect of sorption has been reported only for soils. This study shows that sorption of pesticides in sediment also may increase with time. The relatively long persistence, when coupled with the time dependence of sorption, suggests that as time increases, pesticides such as chlorpyrifos
